Chemotherapy is a double-edged sword. It is anticancer because of its cytotoxicity. Paradoxically, by increasing chemoresistance and cancer metastasis, it is also procancer. However, the underlying mechanisms for chemotherapy-induced procancer activities are not well understood. Here we describe the ability of paclitaxel (PTX), a frontline chemotherapeutic agent, to exacerbate metastasis in mouse models of breast cancer. We demonstrate that, despite the apparent benefit of reducing tumor size, PTX increased the circulating tumor cells in the blood and enhanced the metastatic burden at the lung. At the primary tumor, PTX increased the abundance of the tumor microenvironment of metastasis, a landmark microanatomical structure at the microvasculature where cancer cells enter the blood stream. At the metastatic lung, PTX improved the tissue microenvironment (the "soil") for cancer cells (the "seeds") to thrive; these changes include increased inflammatory monocytes and reduced cytotoxicity. Importantly, these changes in the primary tumor and the metastatic lung were all dependent on Atf3, a stress-inducible gene, in the noncancer host cells. Together, our data provide mechanistic insights into the procancer effect of chemotherapy, explaining its paradox in the context of the seed-and-soil theory. Analyses of public datasets suggest that our data may have relevance to human cancers. Thus, ATF3 in the host cells links a chemotherapeutic agenta stressor-to immune modulation and cancer metastasis. Dampening the effect of ATF3 may improve the efficacy of chemotherapy.
Chemotherapy is a double-edged sword. It is anticancer because of its cytotoxicity. Paradoxically, by increasing chemoresistance and cancer metastasis, it is also procancer. However, the underlying mechanisms for chemotherapy-induced procancer activities are not well understood. Here we describe the ability of paclitaxel (PTX), a frontline chemotherapeutic agent, to exacerbate metastasis in mouse models of breast cancer. We demonstrate that, despite the apparent benefit of reducing tumor size, PTX increased the circulating tumor cells in the blood and enhanced the metastatic burden at the lung. At the primary tumor, PTX increased the abundance of the tumor microenvironment of metastasis, a landmark microanatomical structure at the microvasculature where cancer cells enter the blood stream. At the metastatic lung, PTX improved the tissue microenvironment (the "soil") for cancer cells (the "seeds") to thrive; these changes include increased inflammatory monocytes and reduced cytotoxicity. Importantly, these changes in the primary tumor and the metastatic lung were all dependent on Atf3, a stress-inducible gene, in the noncancer host cells. Together, our data provide mechanistic insights into the procancer effect of chemotherapy, explaining its paradox in the context of the seed-and-soil theory. Analyses of public datasets suggest that our data may have relevance to human cancers. Thus, ATF3 in the host cells links a chemotherapeutic agenta stressor-to immune modulation and cancer metastasis. Dampening the effect of ATF3 may improve the efficacy of chemotherapy.
chemotherapy | metastasis | stress response | immune modulation | ATF3 M odern chemotherapy can reduce tumors to an undetectable level; however, in many cases the tumors relapse, with recurrence in the original, regional, or distant sites (1) (2) (3) . The mechanisms for relapse are multifaceted and complex, including intrinsic changes in cancer cells and changes in the noncancer cells in the host-the organism carrying the cancer (4) (5) (6) (7) (8) (9) . Although the traditional concept is that chemotherapeutic drugs provide selection pressure for drug-resistant cancer cells to thrive, recent studies showed that chemotherapeutic drugs actually induce procancer changes (reviewed in refs. 4-9 and in the references cited below). Thus, chemotherapy is a double-edged sword: It is anticancer because of its cytotoxicity on cancer cells but also can be procancer by inducing changes in cancer and/or host cells. For cancer cell-intrinsic changes, chemotherapeutic drugs have been shown to induce the migration/invasion of cancer cells (10) and to up-regulate the expression of some antiapoptotic genes (11) . For noncancer cells, chemotherapy theoretically can affect all host cells, because it is administered systemically. Advances in this nascent field have benefited greatly from the extensive literature on cancerhost interaction in the recent decades (5) (6) (7) 12) . Although endothelial cells have been shown to play a role in mediating the procancer effect of chemotherapy (13) (14) (15) , various reports also have identified myeloid-lineage cells (including macrophages and their precursor monocytes) as a key cell type with procancer effects that include protecting cancer cells from death, increasing cancer-initiating cells, and suppressing the anticancer immune response (16) (17) (18) (19) (20) (21) (22) (23) . Mechanistically, chemotherapeutic agents can increase the abundance of myeloid cells in the primary tumor (16, 17, 20, 21, 23) or alter their bioactivities (19) . Functionally, inhibition of myeloid cells improved chemotherapy efficacy (16, 17, 19, 21, 24, 25) .
The emerging picture is that chemotherapeutic drugs elicit procancer effects and thus counteract their own efficacy, contributing to chemoresistance and metastasis. However, many gaps in our understanding remain. Most papers focused on primary tumors; only a few demonstrated the effect of chemotherapy on the metastatic sties (15, 26, 27) . Because successful metastasis requires not only the escape of cancer cells from the primary tumor but also their colonization at the distant site, to understand the impact of chemotherapy, it is essential to elucidate the mechanisms at both the primary tumor and the metastatic site. Thus, far, no reports have analyzed the mechanisms at both sites in the same mice. We addressed this gap by analyzing both the tumor and the metastatic site. In this study, we focus on the noncancer cells rather than on the intrinsic properties of cancer cells. Here we present evidence that the host cells play an important role in the exacerbation of breast cancer metastasis by paclitaxel (PTX), a frontline chemotherapeutic agent. Importantly, Atf3, a stress-inducible gene (28) , is a necessary host factor for this PTX effect.
ATF3 is a member of the ATF/CREB family of transcription factors (29, 30) . It is encoded by an immediate-early gene, whose
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expression is low in normal cells but is induced greatly and quickly (within 30 min to hours) by a wide spectrum of stress signals (28) . As a transcription factor, ATF3 directly or indirectly alters the expression of a variety of genes, and one common characteristic for many of its target genes is their ability to regulate inflammation (31), a key modulator of cancer progression (32) (33) (34) (35) . Recently, we showed that Atf3 in the noncancer host cells (referred to hereafter as "host-Atf3") is necessary for efficient metastasis, because cancer cells orthotopically injected into WT mice metastasized more efficiently than those injected into Atf3-knockout (Atf3-KO) mice (36) . Because Atf3 is induced by various chemotherapeutic drugs, including PTX (37), cisplatin (38) , and doxorubicin (39), we hypothesized that host-Atf3 plays an important role in the deleterious procancer effects of chemotherapy. Below, we present evidence supporting this hypothesis. Significantly, analyses of publicly available human datasets support the notion that our data from mouse models have potential relevance to human cancer.
Results

PTX Exacerbates Breast Cancer Metastasis in a Host-Atf3-Dependent
Manner. We used a spontaneous metastasis model to test the effect of PTX, a chemotherapeutic drug commonly used to treat breast cancer patients. As schematized in Fig. 1A , we injected MVT-1 breast cancer cells into immune-competent FVB/N mice at the orthotopic site (a fat pad), followed by control or PTX treatment (hereafter WT-Ctl and WT-PTX mice, respectively) and analyses of the primary tumor and lung (the metastatic site for MVT-1 cancer cells). By titration, we determined the highest PTX regimen without obvious toxicity to the mice (18 mg/kg, three times each week for a total of eight injections) (Methods). At this regimen, PTX reduced tumor size (Fig. 1B) but did not eradicate it. Area analysis of the lung showed that PTX exacerbated metastasis in the WT mice (Fig. 1C) . Therefore, despite its benefit in reducing the size of primary tumor, PTX increased metastasis. This result is corroborated by the analysis of c-Myc, a transgene used as a readout of the cancer burden, in the MVT-1 cells (40): c-Myc was higher in WT-PTX than in WT-Ctl lungs (Fig. 1D) . To test the role of host-Atf3, we compared WT and Atf3-KO mice. As shown in Fig. 1 C and D, the metastatic burden is much higher in the WT-Ctl mice than in their KO counterparts (KO-Ctl), indicating a prometastatic role for host-Atf3, as we reported before (36) . Importantly, Atf3 deficiency in the host almost completely abolished the ability of PTX to exacerbate metastasis, indicating that this PTX effect is dependent on host-Atf3 (treatment-genotype interaction: P < 0.05, two-way ANOVA) ( Fig. 1 C and D) . We note that the same MVT-1 cancer cells were injected into the WT and Atf3-KO mice; only the host genotype was different. For convenience, we will refer to tumors from the WT mice as "WT tumors" and those from KO mice as "Atf3-KO tumors." Blood vessels are a key route for cancer cells to escape primary tumors. We examined vessel density by CD31 staining and found that WT groups (both WT-Ctl and WT-PTX) had much higher microvascular density than their KO counterparts on day 15 and day 26 after cancer cell injection ( Fig. 2A and SI Appendix, Fig.  S1A ). Analyses of gene expression by RT-qPCR showed that WT tumors had higher expression of proangiogenic genes (Ang1, Notch1, and Cx3cl1) but lower expression of the antiangiogenic genes (Cxcl9, 10, 11, and 14) than their KO counterparts (Fig. 2B) . Furthermore, the WT tumors had higher abundance of Tie2-expressing monocytes/macrophages (TEMs; markers CD11
, a subset of macrophages that is proangiogenic (41) , than did their Atf3-KO counterparts (Fig. 2C ). SI Appendix, Fig. S1B shows that the higher abundance of TEMs in WT than in KO tumors was not caused by a higher macrophage abundance in general, because the numbers of CD11
+ cells were similar in all four groups. Taken together, the evidence shows that WT tumors had a more proangiogenic tumor microenvironment than KO tumors, as assayed by vessel density, gene expression, and TEM abundance. Interestingly, PTX had no effect on vessel density or TEM abundance ( Fig.  2 A and C) . Its effect on gene expression is not statistically significant, with some exceptions (within WT for Ang1 and Cx3cl1, and within KO for Cxcl10 and Cxcl11) (Fig. 2B) . We next considered the possibility that PTX may affect the properties of blood vessel and/or TEMs. We found that PTX reduced pericyte coverage on the vessel in WT but not in Atf3-KO tumors (treatment-genotype interaction; P < 0.01, two-way ANOVA) ( Fig. 2D and SI Appendix, Fig. S1C ). We tested the effects of PTX on TEM properties by a coculture assay using a Matrigel-coated Boyden chamber. As shown in SI Appendix, Fig. S1D , TEMs isolated from the WT-PTX tumors stimulated cancer cell invasion more efficiently than did TEMs isolated from the WT-Ctl tumors, indicating that PTX affects the activity of TEMs. We did not examine the TEMs from the Atf3-KO tumors because of their low abundance.
Recently, intravital imaging of mouse breast tumors has revealed an intriguing phenomenon: Cancer cells enter the blood vessels (intravasate) at sites with a microanatomical landmark called "tumor microenvironment of metastasis" (TMEM), a structure composed of a perivascular macrophage and a cancer cell in close proximity (42) (43) (44) . Because PTX increased metastasis in the WT mice (see above and Fig. 1 C and D) , we tested whether PTX increased the abundance of TMEMs, sites for intravasation. We carried out coimmunofluorescence assays to detect TMEMs using selective markers: (i) CD31 for endothelium, (ii) F4/80 for macrophage, and (iii) human VEGFA (hVEGFA), encoded by a transgene in MVT-1, for cancer cells. We identified TMEM as detailed in Methods; Fig. 2E , Left shows a representative image of a TMEM. To avoid bias, we randomized more than 400 images from four groups of mice (n = 9-12 mice per group, 10 images per More than four hundred images were scrambled from all four groups of mice and analyzed in a blind fashion (see Methods for details). (F) CTCs as indicated by the relative mRNA levels of c-Myc (a transgene in the MVT-1 cancer cells) in the blood cells on day 26 after cancer cell injection. The RT-qPCR signals were standardized against that of actin, and the average level in the WT-Ctl group was arbitrarily defined as 1 (n = 8-11 mice from four independent experiments). Bars indicate mean ± SEM; two-way ANOVA with post hoc Bonferroni test; *P < 0.05; **P < 0.01; ***P < 0.001; &, P = 0.056. Int, treatment-genotype interaction.
tumor), and analyzed them in a blind fashion. As shown in Fig. 2E , Right, PTX increased TMEM (per blood vessel density) in the WT tumors. Importantly, this PTX effect was not observed in the Atf3-KO tumors, indicating its dependence on host-Atf3 (treatmentgenotype interaction, P < 0.05). We also carried out another coimmunofluorescence assay by identifying cancer cells using antibody against MENA rather than hVEGFA. MENA is a protein in the Invasive signature (45) (46) (47) and was previously used as a marker to identify cancer cells in TMEMs (44) . SI Appendix, Fig. S1E shows a similar trend, corroborating the result shown in Fig. 2E that PTX increases TMEMs in a host-Atf3-dependent manner.
The features described above-vessel density, vessel property, and TMEM abundance (per blood vessel density)-can all affect the likelihood of cancer cells' escape. We examined the circulating tumor cells (CTCs) by analyzing the blood cells for c-Myc, a transgene, in MVT-1 cancer cells. As shown in Fig. 2F , CTCs were much higher in WT than in Atf3-KO mice, indicating that host-Atf3 facilitates cancer cell escape, a genotype effect we reported previously (36) . PTX further increased CTCs in WT but not in Atf3-KO mice (Fig. 2F) .
We summarize the data presented above as follows (Fig. 3A) . On the one hand, the genotype (host-Atf3) facilitated a proangiogenic microenvironment (as shown by gene expression, TEM abundance, and vessel density). On the other hand, the treatment (PTX) affected the property of blood vessels (pericyte coverage), the property of TEMs (shown in the in vitro assay), and the abundance of TMEM (per vessel density). The PTX effects in vivo (pericyte coverage and TMEM) were dependent on host-Atf3 status, with a statistically significant treatment-genotype interaction. The overall consequence was higher CTC numbers in WT than in Atf3-KO mice and the exacerbation by PTX in WT but not in KO mice. Because the same cancer cell (MVT-1) was used, and only the host-Atf3 status was different, PTX exerted its effect on cancer cells in our models indirectly through the host, at least in part via ATF3-regulated events. Experimentally, colonization of the lung (the metastatic site in our model) can be tested by the lung colonization (or experimental metastasis) model, which injects cancer cells i.v. into the circulation. To test whether PTX affects lung colonization, we used a pretreatment design (Fig. 4A ) in which the mice were treated with PTX on day 4 before cancer cell injection. Because PTX is cleared from mice within 24-48 h of injection (49) , this schedule minimizes the direct killing of cancer cells by PTX. Any effect of PTX on lung colonization would be the result of its effect on the host cells, which in turn affect cancer cells. As shown in Fig.  4B , PTX exacerbated lung colonization in the WT host (assayed at 11 d after injection), indicating that PTX changes the lung environment in a way that is favorable for cancer cells. Importantly, this effect is dependent on host-Atf3 status, because PTX showed no exacerbation in the Atf3-KO mice (treatment-genotype interaction P < 0.05) (Fig. 4B ). Because this model does not require a fat pad for injection, we also examined the effect of PTX on lung colonization in male mice. It is worth testing the male mice, because men also develop breast cancer, albeit at a much lower frequency (50) . SI Appendix, Fig. S2A shows similar results in male mice. We note that the overall cancer burden was lower in male lungs than in female lungs (compare the y axes of Fig. 4B and SI Appendix, Fig. S2A ), in congruence with the lower propensity of men to develop breast cancer. Together, data from the spontaneous metastasis and lung colonization models indicate that PTX can enhance the ability of cancer cells to escape from tumors and to colonize the second site.
PTX Increases Cancer Cell Seeding but Decreases the Cytotoxic
Program in the Lung in a Host-Atf3-Dependent Manner. To colonize the lung, the CTCs need to extravasate, survive, and proliferate in the lung. Using the pretreatment design described above, we studied seeding by analyzing the lung shortly (3 d) after i.v. injection of cancer cells. We used turbo GFP (tGFP)-labeled MVT-1 cells to facilitate the counting of single cells or microcolonies. As shown in Fig. 5A and SI Appendix, Fig. S2B , the hostAtf3 genotype facilitated seeding, and PTX increased seeding in WT but not in Atf3-KO mice. This result was observed in both female and male mice, with males showing a more robust PTX effect than females (compare the fold difference and P values in Fig. 5A and SI Appendix, Fig. S2B ).
After seeding, cancer cells need to proliferate and evade death to become detectable nodules. We examined these processes by immunohistochemical analyses of specific markers: phospho-histone H3 for mitosis and activated caspase 3 for apoptosis. We used the lung sections from the spontaneous metastasis model and found no statistically significant difference between any groups in either assay (SI Appendix, Fig. S2 C and D) . Because activated caspase 3 reflects only a subset of cell death, we examined perforin 1 (PRF1), a marker for the activated cytotoxic lymphocytes (CD8 + T and NK cells) that induce cancer cells to die via caspase 3-dependent and -independent pathways (51). Fig. 5B shows that PTX reduced the number of Prf1-expressing cells in the WT lung nodule but had no effect on the Atf3-KO counterparts, indicating that PTX reduces the cytotoxic microenvironment in a host-Atf3-dependent manner. We note that WT-Ctl and KO-Ctl mice had no statistically significant difference in their PRF1 + cells. This result may appear surprising, because the WT-Ctl lung had a higher cancer burden than the KO-Ctl lung. One explanation is that the higher seeding in the WT-Ctl than in KO-Ctl lung would contribute to the higher cancer burden in the WT-Ctl lung.
To investigate further the ability of PTX to reduce cytotoxicity, we carried out a T-cell-suppression assay. A hallmark of cancer progression is the ability of cancer cells to reprogram myeloid cells (52) , which in turn suppress the PRF1-secreting cytotoxic immune cells (CD8 + T and NK cells) (53) . We isolated myeloid cells (CD11b + ) from the lungs derived from the spontaneous metastasis model and tested their ability to suppress T cells in vitro. As shown by the fluorescent dye dilution assay, WT myeloid cells suppressed T cells (Fig. 5C) ; PTX further enhanced this immunosuppression. Analysis of the median fluorescent intensity (MFI) showed similar results (SI Appendix, Fig. S2E ). Importantly, this PTX effect was not observed in the Atf3-KO myeloid cells ( Fig. 5C and SI Appendix, Fig. S2E ), again indicating the dependence of PTX on host-Atf3. Consistent with the perforin assay described above, myeloid cells from WT-Ctl and KO-Ctl lungs showed a similar ability to suppress T cells; that is, the Atf3 genotype did not affect T-cell suppression. Taken together these results show that the host-Atf3 genotype facilitated seeding but did not affect the cytotoxic microenvironment. PTX treatment, however, enhanced both seeding and immunosuppression in a host-Atf3-dependent manner. Together, these data provide a mechanistic explanation for the higher cancer burden in WT than in KO hosts and the further exacerbation by PTX in WT but not in KO hosts. (54), were recently shown to be recruited to the lung and to differentiate into macrophages that facilitate cancer cell metastasis and lung colonization (55) . In light of this finding, we tested whether their abundance is affected by PTX and/or host-Atf3 status. Flow cytometry analyses of lungs from the spontaneous metastasis model showed that iM (CD11b + F4/80 + CCR2 + LY6C + ) numbers were higher in WT than in Atf3-KO mice (Fig. 6A) , indicating that host-Atf3 promotes a lung microenvironment more conducive to iMs. Importantly, PTX increased the abundance of iMs in the WT lungs but not in the Atf3-KO lungs (treatment-genotype interaction, P < 0.05) (Fig. 6A) . We note that the abundance of CD11b + cells in the lung did not vary among the groups (SI Appendix, Fig.  S3A ). Therefore, the difference in iM abundance is not caused by a difference in the abundance of myeloid cells in general. Analyses of the lungs from the lung colonization model (day 11 after cancer cell injection) showed similar results: higher iM abundance in WT than in Atf3-KO lungs, with PTX further increasing iM numbers in WT but not in KO lungs (SI Appendix, Fig. S3B ). We note that the level of iMs correlated with cancer burden in the lung in both the spontaneous metastasis model (see Fig. 1C for cancer burden and Fig. 6A for iMs) and the lung colonization model (see Fig. 4B for cancer burden and SI Appendix, Fig. S3B for iMs) . In those experiments, separate cohorts of mice were used to assay iM (by flow analysis of single-cell suspensions) versus cancer burden (by area analysis of lung sections). We repeated the experiments using a cohort of mice and analyzed singlecell suspensions of their lungs side-by-side for the percent of iMs and for the levels of c-Myc, a transgene, in the cancer cells. Fig. 6B shows a linear correlation between iM percentages and c-Myc levels (Pearson correlation, P < 0.0001, r = 0.7).
We further characterized these iMs by LY6G, a granulocyte marker, and found that the majority (>99%) of them are negative (SI Appendix, Fig. S4A ), indicating that the iMs presented here have a monocytic rather than a granulocytic nature. Previously, a VEGFR1
+ subset of bone marrow-derived cells was shown to initiate the premetastatic niche (56) . In addition, a distinct VEGFR1 + population of macrophages was shown to mediate metastatic growth in the lung (57) . Interestingly, 64-83% of the iMs we studied here were VEGFR1 + (SI Appendix, Fig. S4B ). Although more analyses are required to clarify how the iMs described here relate to the VEGFR1 + cells in previous studies, our data support the notion that VEGFR1 is likely to be important in a subset of myeloid cells. Because iMs also can be recruited to the primary tumor (55) (albeit with lower efficiency than to the lung), we analyzed the primary tumor for the abundance of iMs. SI Appendix, Fig. S5A shows that they did not vary among the four groups of mice. Thus, in contrast to the situation in the lung, iMs are not modulated by host-Atf3 or PTX in the primary tumor. In a reciprocal experiment, we examined whether TEMs, which are modulated by host-Atf3 in the primary tumor (as described above), are modulated by host-Atf3 or PTX in the lung. SI Appendix, Fig. S5B shows that TEMs in the lung did not vary among the four groups of mice. Together, our data implicate distinct subsets of myeloid cells at two sites: TEMs modulated by host-Atf3 in the primary tumor and iMs modulated by PTX and host-Atf3 in the metastatic lung.
Host-Atf3 Plays a Necessary Role for PTX to Up-Regulate the Expression of Chemokine (C-C Motif) Ligand 2. Chemokine (C-C motif) ligand 2 (CCL2) is a key recruitment factor for monocytes, and the CCL2-CCR2 axis plays an important role in cancer development (58) . Recently, blockade of iMs by CCL2 antibody or CCR2 inhibitor was shown to abrogate their prometastatic effects (55, 59) . We tested whether Ccl2 gene expression is modulated by host-Atf3 and/or PTX. As shown in Fig. 6C , Ccl2 mRNA level was much higher in WT than in Atf3-KO lungs (from the spontaneous metastasis model), indicating that its expression is up-regulated directly or indirectly by ATF3. PTX further increased the Ccl2 mRNA level in a host-Atf3-dependent manner. The pattern of Ccl2 expression parallels that of iM abundance and is consistent with the role of CCL2 as a recruitment factor for monocytes. Analysis of a publicly available microarray dataset derived from 27 breast cancer cell lines showed the induction of Atf3 by PTX (Fig. 6D) and a positive correlation between the mRNA levels of Atf3 and Ccl2 (SI Appendix, Fig. S3C ).
The Ccl2 promoter contains potential ATF3-binding sites (SI Appendix, Fig. S3D ), i.e., ATF/CRE, AP-1, and closely related sites (29, 60) . We tested whether ATF3 binds to the Ccl2 promoter by ChIP assay and found consistent binding at the −2.3-kb site (Fig.  6E, Left) . This result is corroborated by a publicly available ChIPsequencing (ChIP-seq) dataset, the ENCODE Project Consortium (61), which shows an ATF3-binding peak at the −2.3-kb region on the Ccl2 promoter. Intriguingly, this peak overlaps with the p300-binding peak and is in a region with high levels of histone H3K27ac (Fig. 6E , Right) (61). Because p300 binding and H3K27ac are associated with transcriptionally active areas (62, 63) , these ChIP data, in combination with the higher Ccl2 mRNA level in WT than in Atf3-KO lungs, strongly suggest that ATF3 (a transcription factor) up-regulates the Ccl2 promoter.
Taking our findings together, we summarize the data as follows (Fig. 3B) : PTX, as a stress signal, increases lung iM abundance, cancer cell seeding, and lung colonization and reduces the anticancer immune microenvironment, all in a manner dependent on host-Atf3. Importantly, ATF3 up-regulates the expression of Ccl2, which encodes a recruitment factor for iMs. These findings, together with reports in the literature on the roles of CCL2 and iM in cancer progression, support the notion that ATF3-mediated upregulation of Ccl2 expression and iM abundance in the lung contributes to the ability of PTX to exacerbate cancer burden.
The Potential Relevance of Data from Mouse Models for Human Cancers.
To test whether the data from mouse models reported above have any relevance to human cancers, we analyzed publicly available microarray datasets (64) . As shown in Fig. 7A , ATF3 expression was higher in the breast tumor stroma from patients who had undergone chemotherapy than in those who had not. Interestingly, high coexpression of ATF3 and TEK, the human ortholog of Tie2, correlated with reduced overall survival in breast, lung, ovarian, and colon cancers (Fig. 7B) . This coexpression is a more robust predictor than the expression of either gene alone (SI Appendix, Fig. S6A ). We note that microarray datasets do not distinguish the cell source for differential gene expression. However, the worse outcome data are consistent with our mouse data that WT tumors had higher Tie2 gene expression in their macrophages than their Atf3-KO counterparts (SI Appendix, Fig. S6B ) and had higher cancer escape and metastasis (as described above).
We also analyzed microarray datasets derived from metastatic sites from human breast cancer patients. The ATF3 mRNA level correlated positively with the CCL2 but negatively with the PRF1 mRNA level (Fig. 7C) . Furthermore, analysis of other markers indicated that ATF3 expression correlated with higher CCL7 and CCL8 levels (encoding two other monocyte recruitment factors) but with lower cytotoxic immune cell markers, such as CD8, various granzymes, and natural killer (NK) cell markers (SI Appendix, Fig. S7 ). Thus, data from patient samples are consistent with the notion that ATF3 promotes a microenvironment at the metastatic sites that favors monocyte recruitment and immunosuppression. The data from patient samples not only support our data but also lend credence to our mouse models.
Discussion
Here we describe the effect of chemotherapy on both the primary tumor and metastatic sites using samples from the same mice. The conceptual advance is twofold. (i) It demonstrates that, despite the apparent therapeutic benefit of reducing tumor size, PTX enhances the dissemination of cancer cells (the seeds) from primary tumors and facilitates the preparation of the lung microenvironment (the soil) to be more hospitable to cancer cells, thereby explaining the paradoxical procancer effect of chemotherapy in the context of the seed-and-soil theory (65) .
(ii) The report delineates a pathway from chemotherapy to stress response, to immune modulation and metastasis, with Atf3, a stress gene, as an essential link in this pathway. Significantly, a recent study showed that residual cancer burden after neoadjuvant chemotherapy is associated with worse clinical outcome (66) . Thus, elucidating the mechanisms by which chemotherapy exacerbates cancer progression has clinical relevance.
To test whether the exacerbation of metastasis by PTX is limited to MVT-1 cells (which have c-Myc and VEGF as the oncogenic drivers), we used Met-1 breast cancer cells (which have the Polyoma virus-middle T antigen as the oncogenic driver) (67) . As shown in SI Appendix, Fig. S8A , PTX also exacerbated Met-1 lung colonization in a host-Atf3-dependent manner. In addition, PTX showed a similar trend in a different cancer (SI Appendix, Fig. S8B) , the lung cancer model, in which Lewis lung carcinoma (LLC) cells were injected into C57BL/6 mice, which have a different genetic background from the FVB/N mice used in all the experiments described above. Although our study focused on PTX, we found that cyclophosphamide (CTX), another frontline chemotherapeutic drug, also exacerbated lung colonization in both the MVT-1 (SI Appendix, Fig. S8C ) and Met-1 (SI Appendix, Fig. S8D ) breast cancer models in a host-Atf3-dependent manner. Thus, the phenotype-the exacerbation of lung colonization by chemotherapy in a host-Atf3-dependent manner-is not limited to PTX, nor is it limited to one cancer cell line or to one mouse genetic background. However, it is not clear whether the underlying mechanisms for the phenotype are the same in these models. Further investigation is required to address this issue.
Several features of ATF3 provide important perspectives for our findings. (i) The Atf3 gene is expressed at a low basal level, but its expression is greatly increased by a wide spectrum of stress signals (28) . Intriguingly, by global analysis of ATF3-binding sites using ChIP-seq, Yan and colleagues (60) showed that ATF3 binds to a surprisingly large number of sites on the genome; furthermore, their data supported the idea that ATF3 "bookmarks" sites on the genome to allow rapid transcriptional response upon stress stimulation. (ii) Atf3 is an immediate-early gene (31) , which has a hallmark of encoding transcription factors that regulate the expression of other transcription factor genes, resulting in a cascade of changes in transcriptional profile. (iii) Many ATF3 target genes encode cytokines and chemokines irrespective of the signals that induce it, prompting the idea that one unifying function of ATF3 is to modulate the immune response (31) . Combining these features of ATF3 with our data, which are derived from mice with host-Atf3 status, we propose that the induction of Atf3 in the noncancer host cells represents an early cellular stress response and links PTX (and likely other chemotherapeutic drugs) to an altered transcriptome, resulting in a modified immune response and enhanced cancer metastasis. The stress-inducible nature of Atf3 has particular relevance to the following idea regarding chemoresistance: that the cellular stress response has evolved to promote tissue repair but has been co-opted to help cancer cell survival and progression (8, 12) . That is, chemotherapy, as a stressor, can counteract its own efficacy (64) and analyzed on the Oncomine website. Bars indicate mean ± SEM; Student t test (one-sided); *P < 0.05. (B) Coexpression of high ATF3 and high TEK (the human ortholog of mouse Tie2) correlates with worse outcome in human cancers. Patients with the indicted cancer types from publicly available microarray datasets were arbitrarily classified into a ATF3-high and TEK-high (both above median, red trace) group versus the ATF3-low and TEK-low (both below median, green trace) group. Breast cancer and ovarian cancer data are from the TCGA database; lung cancer and colon cancer data are from the GEO database (accession nos. GSE30219 and GSE17536, respectively). The online tool PROGgene V2 was used, and the Kaplan-Meier curves of survival are shown. Log-rank test; P values and hazard ratios (HR) are indicated. (C) The correlation between the mRNA levels of ATF3 and the indicated genes. Data were extracted from Foukakis et al. (76) (GEO accession GSE54323), which were derived from breast cancer metastatic sites (including lymph node, bone, and brain, 15 patients, 29 samples). The x and y axes are log base 2 values of spot intensity on the microarray chip after subtracting background signals and normalization. Pearson correlation; P and r values are indicated; linear regression for the line of best fit.
by inducing a stress response. Our data suggest that Atf3 in the noncancer host cells is a key gene mediating this process. Interestingly, peptidyl-prolyl cis-trans isomerase A (PPIA), a stressresponse chaperone in cancer cells, was shown to play an important role in the ability of cancer cells to resist PTX (68) . Thus, a stress response in both noncancer cells (our study) and cancer cells (the PPIA study) can counteract chemotherapy.
Our report provides several important findings. First, we demonstrated that PTX decreases pericyte coverage but increases TMEM, CTCs, seeding, iMs, and immune-suppression, all in a host-Atf3-dependent manner. None of these effects has been reported before. Although cisplatin, a different chemotherapeutic drug, has been shown to increase seeding (15), it is not clear whether host-Atf3 plays a role. Second, the increase of TMEM by PTX is of particular interest. TMEM is a microanatomical landmark for intravasation (42, 43, 69) . One implication of this finding is that cancer cells escape the primary tumor via an "active" process through a specific structure. Importantly, high TMEM density in human breast cancer was shown to be associated with higher metastasis, independent of tumor grade or lymph node status (44, 70) . Thus, our finding that PTX increases TMEM is a timely finding that provides a mechanistic explanation for the emerging procancer effect of chemotherapy. It would be interesting to test whether chemotherapy increases TMEM abundance in human tumors (as we found in the mouse models). Third, our data show a parallel pattern among Ccl2 expression, iM abundance, and the metastatic burden in the lung: all were higher in WT than in Atf3-KO mice and were further exacerbated by PTX. These parallels, combined with the reports that CCL2 recruits iMs and that iMs promote metastasis (21, 55, 59) , suggest that iMs may be a contributing factor for the phenotypes we observed. Although iMs have been shown to enhance metastasis (55), they have not been implicated in the context of chemotherapy. Fourth, the iM abundance in the primary tumor did not vary among the four groups of mice (SI Appendix, Fig. S5A ). Thus, iM levels in the primary tumor are not a relevant factor for the phenotypes we observed. Conversely, TEMs, the cell type whose abundance in the primary tumor was affected by host-Atf3 status (being higher in WT than in KO mice), did not show this genotype difference in the lung (SI Appendix, Fig. S5B ). Taken together our findings identified two subsets of myeloid cells: (i) TEMs modulated by the host-Atf3 genotype in the primary tumor but not in the metastatic lung; and (ii) iMs modulated by PTX and the host-Atf3 genotype in the metastatic lung but not in the primary tumor. Although it has been postulated that different subsets of myeloid cells are functionally important at primary tumor versus metastatic sites, their nature is not well understood (6, 7) . Our data provide an insight into this knowledge gap. Fifth, although host-Atf3 was previously shown to be prometastatic (36) , its role in the effect of chemotherapy on cancer progression has never been reported. Furthermore, the ability of host-Atf3 to increase vessel density, TEM abundance, and iMs has not been demonstrated. Thus, our study provides insights into the mechanisms by which host-Atf3 may promote metastasis.
Our study has limitations and caveats. Here we discuss a few of them. (i) In our models, the cancer cells are the same (with endogenous Atf3 gene), but the host genotype is different. However, the differences we observed between WT and Atf3-KO mice reflect the combined effect of cancer-host interactions, not only the host cells per se. (ii) Because we used traditional KO mice, our data do not delineate the roles of specific host cells. Further studies are required to distinguish the roles of Atf3 in different cell types, such as myeloid versus endothelial cells. (iii) The lymphatic vessel is another route by which cancer cells can escape primary tumors (71) . It would be interesting to test whether Atf3 or PTX affects its density or properties. (iv) Our data indicate that PTX does not affect the abundance of tumor-associated macrophages (TAMs) (SI Appendix, Fig. S1B ). However, others have shown an increase in TAMs induced by chemotherapeutic agents such as PTX and cyclophosphamide (16, 17, 23) . This apparent discrepancy may reflect differences in mouse strain, cancer cells, the chemotherapy regimen, and the timing of sample collection relative to the last treatment. (v) Previously, PTX was shown to increase blood vessel density (27) in primary tumors. However, we did not observe this effect. One possibility is that the MVT-1 cancer cells express human VEGFA as a transgene (40) . Because VEGFA is highly proangiogenic (72) , the tumor microenvironment may already be saturated with angiogenic signals, making it difficult to detect the effect of PTX in increasing vessel density. (vi) To address the impact of chemotherapy and the stromal expression of ATF3, further experiments are required, including immunohistochemical or immunofluorescent analyses of samples from patients with or without chemotherapy.
In conclusion, PTX enhances multiple steps in the metastatic cascade, and host-Atf3 is necessary for these deleterious effects of PTX. Significantly, bioinformatics analyses suggest that our data from the mouse models are relevant to human cancer. Because chemotherapy is an important treatment for cancer patients, dampening the effect of ATF3 may help improve the efficacy of chemotherapy. FBS:Matrigel, 1:1, in 30 μL) were injected into the fourth mammary fat pad, followed by PTX (described below) or control saline treatment and final analyses (Fig. 1A) . Analyses of primary tumors and lung nodules were carried out as previously reported (36) . PTX (Sigma) in a 1:1:2 ratio of cremophore EL:ethanol:PBS (18 mg/kg body weight in 100-150 μL) was i.p. injected on day 7 after cancer cell injection and then was injected three times each week for a total of eight injections. We note that this dosage is slightly below the maximum tolerable dose. When we increased the dose by ∼10% (20 mg/kg three times each week for a total of eight injections), about 30% of the mice displayed symptoms that met the early removal criteria, including weight loss (reaching 15%), lethargy, and hunched back. In postmortem analysis, these mice showed extremely distended intestine and shrunken spleen. Data from pilot experiments using different doses and frequencies of PTX injection are shown in SI Appendix, Fig. S9 . For the lung colonization model, PTX (18 mg/kg body weight, unless otherwise indicated) or saline was injected i.p. on day 4 before MVT-1 cancer cell injection via the tail vein (2 × 10 6 cells in 200 μL of PBS), and lung colonies were analyzed on day 11 after cancer injection (Fig. 4A) , except for the seeding experiment, in which lung colonies were analyzed on day 3.
General Cell Culture Work and Isolation of Cells from the Blood, Primary Tumors, and Lungs for Assays. MVT-1 cells were cultured and blood cells were isolated as previously described (36) . Single-cell suspensions from primary tumors and the lungs were prepared using the gentleMACS Dissociator (Miltenyi Biotec) according to the manufacturer's instructions. CD11b + cells from the lungs for the T-cell-suppression assay and gene expression analysis were isolated by microbeads (Miltenyi Biotec) bound with the CD11b antibodies as detailed before (36) . Macrophages (F4/80 + ) from primary tumors were enriched by MACS beads as described previously (36) . Antibodies are listed in SI Appendix, Table S1 . The purity of the isolated cells (usually ≥80-90%) was estimated by flow analysis on a BD LSR II flow cytometer (BD Bioscience). For activity assays, the cells were used within 4-6 h after isolation; for RNA analyses, cells were put into TRIzol immediately.
Immunophenotyping. Single-cell suspensions from primary tumors and lungs were prepared as described above. Cells were stained as previously described (36) using the indicated antibodies (SI Appendix, Table S1 ) and were analyzed on a BD LSR II flow cytometer (BD Bioscience). Forward scatter (FSC) and side scatter (SSC) were used to exclude small cell debris or large aggregates; unstained and single stained cells were used for gating controls. Examples of gating (for TEMs and iMs) are shown in SI Appendix, Fig. S10 A and B. Immunohistochemistry, Immunofluorescent Staining, and Imaging Analyses. Staining was performed on formalin-fixed paraffin-embedded tissue sections as described previously (36, 73) using the antibodies listed in SI Appendix, Table  S1 . After immunohistochemistry, the slides were counterstained with hematoxylin and captured on a Nikon Diaphot 300 microscope (Nikon). After immunofluorescence, the slides were counterstained with Topro-3 (Molecular Probes) and captured on an Olympus FV 1,000 Filter confocal microscope (Olympus) or a Leica TCS SL confocal microscope (Leica Microsystems). For seeding, PRF1, phospho-histone H3, and activated caspase 3 experiments, cells with positive signals from the entire section or within the lung cancer nodules (as indicated) were counted and standardized against either the lung area or lung metastasis area as specified in the figure legends. For vessel density, at least five fields were imaged for each tumor; the percent of CD31 + areas in each field of view (FOV) was determined by ImageJ, and the average number for each tumor was calculated. SI Appendix, Fig. S10C shows an example of CD31 analysis. For pericyte coverage, CD31 was used as the endothelial marker, and αSMA was used as the pericyte marker. At least five FOVs were imaged for each section and analyzed by ImageJ to obtain the percent of CD31 + areas that were αSMA + . SI Appendix, Fig. S10D shows an example. For TMEM analyses, two sets of markers were used to stain the cells: (i) CD31 for endothelial cells, F4/80 for macrophages, and hVEGFA for cancer cells; (ii) CD31 for endothelial cells and F4/80 for macrophages, but with MENA replacing hVEGFA for cancer cells. The following criteria were used to identify TMEM: (a) The distance between any two cells within this tripartite structure (macrophage, endothelium, cancer cell) had to be ≤20 μm. (b) If any two signals completely overlapped with each other (based on the histogram), they were considered signals from a single cell stained by more than one antibody, because of the coexpression of markers or potential cross-reaction. As such, any hVEGFA + or MENA + cells that were also stained by the F4/80 or CD31 antibody
were not considered cancer cells. We note that, according to the manufacturer (Santa Cruz), the hVEGFA antibody is selective against hVEGF with low crossactivity to the mouse VEGF.
As a control, we tested whether this antibody can detect pericyte, which may express mouse VEGF. Because of its perivascular location, the hVEGFA + pericyte will compromise the assay by appearing as the cancer cell in the tripartite TMEM structure. Analysis of >150 pericytes in the WT tumors indicated that less than 1.5% of the pericytes were detected by this antibody. This low background, combined with criteria a and b, helps make this assay a robust gauge to estimate TMEM abundance. Five to ten FOVs were imaged from each section. To avoid bias, the image files from all four groups (WT-Ctl, WT-PTX, KO-Ctl, and KO-PTX) were combined, coded, and reshuffled (manually or using the Random Names script). Thus the scorer did not have cues about the potential identity of any image resulting from the cluster it fell in. The images were scored by one blinded individual (J.D.M.) to maintain internal consistency, even though the numbers from two investigators (J.D.M. and S.P.J.) were close in test trials. The files were decoded, and the average number of TMEMs per vessel density (1,000 pixels) was calculated for each tumor. The number of mice and total images analyzed are indicated in the figure legends.
RNA Extraction, RT-qPCR, and ChIP Analysis. Total RNA was prepared using TRIzol (Invitrogen) according to the manufacturer's instructions, and RT-qPCR was performed as previously described (74) using actin as an internal control. ChIP analysis was described previously (75) . All primers are listed in SI Appendix, Table S2 .
T-Cell-Suppression Assay. Spleens from WT healthy mice were squeezed between two sterile glass slides and filtered through a 100-μm strainer. Red blood cells were lysed in BD Pharm Lyse Buffer (BD Biosciences), and the remaining cells were gently washed twice in ice-cold PBS, filtered through a 40-μm strainer, kept on ice, and used within 4-6 h. To reduce biological variation, splenocytes from three mice were pooled. The cells (at 2 × 10 7 /mL, counted by hemocytometer) then were mixed with an equal volume of eFluor 450 (Pacific Blue-A) cell proliferation dye (eBioscience) at 200 μM in PBS and were incubated at room temperature in the dark for 20 min before the addition of ice-cold growth medium (DMEM, 10% FBS, 5× volume) and incubation on ice for 5 min to stop the reaction. Splenocytes then were washed three times in ice-cold PBS and were resuspended in growth medium (at 2 × 10 5 cells/100 μL) before being added to a round-bottomed 96-well plate precoated with anti-CD3e antibody (100 μg/mL in PBS, 50 μL per well), incubated at 37°C for 2-3 h, and washed twice in PBS. To each well of splenocytes (100 μL), anti-mouse CD28 antibody (1 μg in 1 μL) was added to stimulate T cells, with the immediate addition of CD11b + cells (2 × 10 5 /100 μL of medium) isolated from the lung by the Miltenyi microbeads (as described above) or growth medium without CD11b + cells as a control. The plates were incubated at 37°C in the CO 2 incubator for 5 d before staining by CD8-PE antibody to detect CD8 + T cells and flow cytometry analysis.
Analyses of Publicly Available Datasets Derived from Human Samples. For primary tumors, the online tool PROGgeneV2 (watson.compbio.iupui.edu/ chirayu/proggene/database/?url=proggene) was used to analyze the correlation between patient outcome and gene expression of ATF3 and/or TEK (the human ortholog of mouse Tie2). Human microarray datasets from The Cancer Genome Atlas (TCGA; https://cancergenome.nih.gov/) or the National Center for Biotechnology Information Gene Expression Omnibus (GEO; https://www. ncbi.nlm.nih.gov/geo/) database are specified in the figure legends. For the metastatic sites, data were extracted from Foukakis et al. (76) (GEO accession no. GSE54323). The correlation between the mRNA levels of Atf3 and those of the indicated genes was analyzed using the Pearson correlation, and the line of best fit was generated by linear regression.
Statistics. Unless otherwise indicated, statistic methods were two-way ANOVA followed by the Bonferroni post hoc analysis using the Sigma Plot software. The Pearson correlation analysis, linear regression, log-rank test, and Student t test (twosided, unless otherwise indicated) were also used as indicated in the figure legends. Data represent the mean ± SEM; P < 0.05 was considered statistically significant.
Study Approval. All mouse studies were approval by the Ohio State University Institutional Animal Care and Use Committee.
